In Vibrio cholerae, the general secretion pathway (GSP) is required for extracellular secretion of several proteins including chitinase, cholera toxin (CT), and protease (51, 60) . This pathway likely plays a significant role in the survival of Vibrio in different environments as well as in its pathogenicity. For instance, secreted chitinase and protease may assist in the detachment of V. cholerae from chitinous waterborne particles and from host epithelial cells, respectively, thus facilitating dissemination (14, 71) . CT is the major component responsible for inducing the diarrheal disease cholera and is therefore also involved in the dissemination process (for a review, see reference 30) .
Escherichia coli heat-labile enterotoxin (LT) is very similar to CT in its structure, biochemical function, and ability to translocate across the outer membrane of V. cholerae (66) . It is a multimeric protein which consists of a single A subunit and a pentamer of identical B-subunit polypeptides (18, 64, 65) . Its secretion from V. cholerae proceeds in two steps, similar to the secretion of CT. The first step is translocation of the individual subunit polypeptides across the cytoplasmic membrane. This is mediated by a pathway which is presumably similar to the sec system of E. coli (63) . During this step, the signal peptides of the A and B precursor polypeptides are cleaved off (8, 25, 52) and the mature subunits are transported to the periplasm.
Here they undergo folding and assembly to form the holotoxin (13, 23, 61) . The second step is the translocation of the holotoxin (or the B-subunit pentamer if the A subunits are not present) through the outer membrane (22, 56) . This requires the function of the GSP and, as shown in this work, occurs with the assistance of several gene products. This process seems to be highly conserved: GSP genes have been identified in a variety of bacteria, including Aeromonas (25) , Erwinia (6, 21, 38, 57) , Klebsiella (9) , Pseudomonas (73) , and Xanthomonas (11, 27) spp.
We report here the cloning and sequencing of a cluster of genes which constitute part of the GSP of V. cholerae. These genes appear to play a role not only in the secretion of soluble proteins through the outer membrane but also in the assembly of the outer membrane itself.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used are listed in Table 1 and Fig. 1 .
DNA sequence analyses. Nucleotide sequence determination was performed by the dideoxy chain termination method (62) with the Sequenase kit (U.S. Biochemical Corp.) or by the Taq polymerase cycle methods (2,7-deaza-GTP kit; U.S. Biochemical Corp.) on single-or double-stranded DNA. Products were analyzed either manually or with an ABI 373A automatic sequencer at the MSU-DOE-PRL Plant Biochemistry Facility. The insertion point of Tn5 in the V. cholerae TRH7000 epsC mutant was determined by sequencing the PCRamplified fragments containing the insertion sequence (IS) and the adjacent chromosomal DNA by the method of Thien (72) .
Construction of eps mutants. A StuI DNA fragment carrying the Km r gene of Tn903 was inserted into the epsF, epsG, and epsL genes by in vitro manipulation and introduced into the chromosome of V. cholerae by homologous recombination as described previously (58) . An epsE-lacZ operon fusion was constructed by cloning a PCR fragment containing a promoterless lacZ gene into the epsE gene. The resulting fusion was introduced into the chromosomal epsE gene by homol-ogous recombination. To easily screen for recombination of this fusion onto the chromosome, a Km r gene from pACYC177 was inserted downstream of the lacZ gene.
PCR amplification of mutant DNA containing Tn5. In order to determine the location of Tn5 in the V. cholerae TRH7000 epsC mutant, PCR was performed with converging primers. Primer MMB41 (5Ј-CGCACGATGAAGAGCAGA-3Ј) was located in the IS of Tn5, and primer MMB73 (5Ј-TGCTTGGCTTCCA TCTG-3Ј) was located in the epsD gene. PCR mixtures (100-l final volume) contained 10 mM Tris-HCl (pH 8.3) (at 25°C), 50 mM KCl, 4 mM MgCl 2 , 0.001% (wt/vol) gelatin (Sigma), 0.5 M each primer, 200 M each deoxynucleoside triphosphate, and 1 g of genomic DNA. The reaction mixture was overlaid with 100 l of mineral oil (Sigma) and heated to 95°C for 5 min, at which point 2.5 U of AmpliTaq DNA polymerase (Perkin-Elmer Cetus) was added. The DNA was then amplified in a Perkin-Elmer thermal cycler for 30 cycles each consisting of the following steps: (i) 30 s at 94°C, (ii) 30 s at 64°C, and (iii) 30 s at 72°C, with the last cycle having the 72°C incubation extended to 7 min.
Expression of genes under bacteriophage T7 10 promoter control. Derivatives of pT7-5 or pT7-6 (70) containing different fragments of the eps gene cluster (Fig. 1) were introduced into E. coli MC1061[pGP1 -2] . The expression of proteins encoded by the recombinant plasmids was performed as described previously (51) .
Expression of EpsG protein in V. cholerae was determined as follows. Strains TRH7000 and J71K-1 containing plasmid pMMB586, expressing the T7 RNA polymerase, and plasmid pMMB564, carrying the epsG gene (coordinates 5808 to 6609 of the eps sequence), were used. Cells were grown at 30°C overnight in M9 medium (plus 100 g of thymine per ml, 20 g of thiamine per ml, and 0.01% concentrations of each of 19 amino acids [without Met]) with 50 g of ampicillin and kanamycin per ml. Two hundred microliters of this culture was then pelleted, resuspended in 1 ml of the same medium, and incubated for 2 h at 30°C followed by 30 min of incubation at 42°C. Rifampin was added to a final concentration of 300 g/ml, and the incubation was continued for another 20 min, when the temperature was lowered to 30°C for 10 min. The cells were labeled for 10 min with [ 35 S]Met (10 Ci/ml, 1,000 Ci/mmol), pelleted, resuspended in sample buffer, and heated at 95°C for 5 min. Proteins were separated on a 0.1% sodium dodecyl sulfate (SDS)-15% polyacrylamide gel, which was then dried and autoradiographed. For pulse-chase labeling of V. cholerae J71K-1, containing pMMB586 and pMMB564, the following conditions were used. The culture was grown in the same way as described for the preceding experiment. One milliliter of the preculture was added to 11.0 ml of the same medium and grown at 30°C, induced at 42°C, and treated with rifampin as described above. It was pulsed with 10 Ci of [ 35 S]Met per ml for 30 s. Unlabeled Met was added to a final concentration of 0.6 mM, and 2.0-ml samples were withdrawn at 0.5, 1, 2, 5, and 10 min into 2.0 ml of cold 10% trichloroacetic acid. After 15 min on ice, the samples were centrifuged, washed with acetone, suspended in sample buffer, heated at 95°C for 10 min, and separated on a 0.1% SDS-17% polyacrylamide gel and subjected to autoradiography.
Isolation of outer membrane fractions from V. cholerae. Cells of V. cholerae TRH7000 and of eps mutant strains were grown overnight in Luria-Bertani (LB) medium or LB medium containing 0.4% maltose at 37°C (to induce ompS expression). Cells from 1.0 ml of culture were pelleted and resuspended in 250 l of 10 mM phosphate buffer (pH 7.3)-150 mM NaCl (phosphate-buffered saline [PBS]) containing 4,000 U of polymyxin B sulfate (Sigma) per ml and incubated on ice for 25 min to release periplasmic proteins. The cells were then centrifuged at 16,000 ϫ g in an Eppendorf microcentrifuge at 4°C for 5 min, resuspended in 250 l of PBS, placed on ice, and broken by sonication with two 15-s pulses. After a low-speed centrifugation (2,000 ϫ g for 2 min) to remove any unbroken cells, the lysate was centrifuged at 16,000 ϫ g at 4°C for 30 min to pellet the membrane fraction. This pellet was resuspended in 250 l of PBS containing 1.0% Triton X-100, held at room temperature for 30 min, and centrifuged at room temperature for 30 min at 16,000 ϫ g. The pellet was resuspended in 60 l of sample buffer, and 14 l was loaded on a 0.1% SDS-15.0% polyacrylamide gel (35) . The pH of the buffer in the upper reservoir was adjusted (59) or pWD615 (7) . LT B-subunit pentamers present in the growth medium and sonicated cells were determined by GM1 enzyme-linked immunosorbent assay (69) as described previously (51) .
Enzyme assays. ␤-Galactosidase and ␤-lactamase production was determined as described in references 43 and 23, respectively.
For determination of extracellular DNase, the mixture contained the following: culture medium passed through a Sephadex G-25 column (3.0 to 12.0 g of protein/ml), salmon sperm DNA (400 g/ml), and buffer (25 mM HEPES, 4 mM MgCl 2 , 4 mM CaCl 2 , pH 7.4). Incubation was at 37°C for 0, 15, and 30 min. An equal volume of 6% HClO 4 was added to the samples to stop the reaction and precipitate the high-molecular-weight DNA. After 15 min on ice, the samples were centrifuged at 20,000 ϫ g and the absorption at 260 nm was determined. One optical density unit was considered equivalent to 50 g of DNA per ml.
Extracellular protease was determined in the same samples of culture medium by a modification of the method of Julius et al. (29) . The mixture contained, in 10 l, HEPES, Tris (100 mM; pH 7.0), and N-tert-butoxy-carbonyl-Gln-Ala-Arg-7-amido-4-methyl-coumarin (Sigma). The mixture was placed in the microcuvette of the fluorometer (DynaQuant 2000 from Hoefer-Pharmacia), and the signal was recorded every minute for 10 min at room temperature.
Nucleotide sequence accession number. The nucleotide sequence of the epsCto-epsN cluster has been deposited in the GenBank database under accession no. L33796.
RESULTS
Nucleotide sequence of the epsC to -N gene cluster. Approximately 12 kb of the DNA fragment of the V. cholerae chromosome, containing two previously described genes, epsE and epsM (51, 60, 61) , has been sequenced. In addition, the nucleotide sequence of approximately 1.5 kb upstream of epsC ( Fig.  1) , present in the original cosmid insert, has been determined.
Computer analysis (10) of the sequence obtained revealed 12 open reading frames (ORFs) ( Table 2) . Table 3 shows the identities of putative Eps proteins from V. cholerae (obtained by translation of the appropriate ORFs) and GSP proteins of other organisms. Similarities were also noticed between some of the Eps proteins and the Pil proteins of Pseudomonas aeruginosa and Neisseria gonorrhoeae (1, 2, 37, 39, 48) and the Tcp proteins of V. cholerae, which are required for processing and secretion of type IV pilin (32, 50) . Recently, genes homologous to some of the eps genes, required for the biogenesis of V. cholerae mannose-sensitive hemagglutinin, have also been identified (20, 41) .
Hydrophobic regions that could represent potential membrane-spanning domains were found in 11 of the predicted Eps proteins by computer analysis (34) . The exception was EpsE, which is a cytoplasmic protein associated with the cytoplasmic membrane by virtue of its interaction with the EpsL protein (58, 60) . EpsC, -L, and -M each possess one putative hydrophobic transmembrane region, whereas EpsF has three. No typical signal sequence capable of being cleaved was detected in any of these proteins. Fractionation experiments using V. cholerae (46) and E. coli (unpublished data) demonstrated that EpsM is localized to the cytoplasmic membrane, showing that the hydrophobic region of this protein likely acts as a membrane localization signal. Stretches of hydrophobic residues typical of those found in signal peptides (74) were found at the N-terminal domains of EpsD and EpsN. It is probable, therefore, that both of these proteins are translocated through the cytoplasmic membrane. Outer membrane location has recently been demonstrated for the EpsD homologs PulD and pIV (19, 40) . Hydrophobic sequences similar to those recognized by the prepilin peptidase and present in type IV pilin subunits were found at the N termini of EpsG, -H, -I, and -J. These signal sequences consist of a short leader sequence followed by a conserved region (G-ٌF-T-L/I-Q) surrounding the prepilin peptidase cleavage site (ٌ), which is followed by a region of hydrophobic amino acids (54, 55, 67) . Similar proteins are known to be part of the GSPs in other bacteria and have been shown to adopt transmembrane conformations suitable for processing by prepilin peptidase (49, 56) . It is considered probable, therefore, that proteins EpsG through EpsJ are also recognized and processed by a prepilin peptidase encoded by V. cholerae, although such a peptidase has yet to be identified.
The epsC gene is preceded by the sequence GTGGAA, a possible ribosome binding site. One hundred twenty base pairs upstream of epsC, the sequence ..TTGAGACACTTCGCTCC ACTATGCTTGTGTTATATT could represent a 70 -specific promoter, although the distance between the Ϫ35 and Ϫ10 regions is 23 bp rather than the 14 to 19 bp usually found in the 70 promoters. Further DNA sequencing, insertional mutagenesis, and primer extension experiments will have to be performed on the region upstream of epsC to map the promoter and make certain that no additional genes or long untranslated sequences are present in this region of the eps cluster.
The epsC to -N gene cluster is followed by an inverted repeat (ATTTCACGCCCAACTGGGCGTGAAAT) which may represent a transcriptional terminator. Analysis of the DNA se- quence 600 bp downstream of epsN did not reveal any ORFs with homology to known GSP genes but did identify a partial ORF, in the opposite orientation from epsN, with similarity to the cysQ gene of E. coli (46) . This is in contrast to most other GSP operons, in which an additional gene, encoding a prepilin peptidase required for secretion, is present directly downstream of the epsN gene (3, 12, 55) .
Expression of the eps genes by the T7 10 promoter-polymerase system. To identify the proteins encoded by the eps genes, we used the T7 promoter-polymerase system (70) . Fragments of DNA containing different eps genes were placed under the control of the T7 10 promoter by inserting each into pT7-5 or pT7-6 vectors. The recombinant plasmids thus obtained were transformed into E. coli MC1061[pGP1-2] expressing the T7 polymerase gene. The cells were labeled with [ 35 S]Met under conditions in which only the genes transcribed from the 10 promoter were expressed, and the gene products were visualized by SDS-polyacrylamide gel electrophoresis (PAGE) and autoradiography. DNA fragments inserted into pT7-5/6 are shown in Fig. 1 , and the proteins specified by these fragments are shown in Fig. 2 .
Only those plasmids in which the DNA fragments were inserted in the orientation presented in Fig. 1 produced detectable amounts of labeled proteins. Although different genes were expressed at different levels and no polypeptide band could be assigned to some of the ORFs, six, or possibly seven, bands were identified as corresponding to certain ORFs on the basis of their M r s and the expression by the appropriate DNA fragment (Fig. 1) . Thus, the insert in plasmid pMMB560, which contains epsC and the 5Ј portion of epsD, produces two bands, a 32-kDa band, likely the EpsC protein, which has a predicted molecular mass of 33.5 kDa, and a 23-kDa band, presumably the truncated EpsD. The bands of approximately 33 kDa, specified by plasmids pMMB547 (epsE to -N), pMMB551 (epsE to -J), and pMS19 (epsF to -J) (lanes 3, 4, and 5 in Fig. 2 ), which should not encode epsC, may represent an aberrantly migrating EpsF protein which has an expected molecular mass of 44 kDa. The insert in plasmid pMMB547, which contains the 3Ј portion of epsD and the entire epsE through epsN genes, produced several bands. The band of 52 kDa corresponds to the EpsE protein (60). The 37.2-kDa protein is presumably EpsL. The predicted molecular mass of this protein is 45.3 kDa. The question of whether this discrepancy is due to the abnormal migration on the SDS gel or to a possible processing of the EpsL protein has not been resolved yet. The strongly expressed 17.9-kDa protein is likely EpsG, whose predicted molecular mass is 16.0 kDa. The 16-kDa protein, produced by the cells carrying plasmids pMMB547, pMMB531 (epsH to -M), and pTKK5 (epsL to -M) (lanes 3, 8, and 11 in Fig. 2) , is most likely EpsM (51). The band running at 13 kDa in lane 10 of Fig. 2 is presumably a truncated EpsM.
In these experiments, EpsG protein was synthesized in large amounts, whereas ORFs downstream of the EpsG ORF, encoding pilin-like proteins EpsH to -J, were not expressed at similar levels. The band of 14 kDa visible in lanes 3, 4, 5, and 8 of Fig. 2 Fig. 1 were labeled, separated by SDS-PAGE, and subjected to autoradiography as described in Materials and Methods. The bands which correspond to the molecular masses expected for the Eps proteins (Table 2) encoded by the plasmids are indicated by the appropriate letters. Positions of molecular mass markers (in kilodaltons) are indicated on the left. Lanes: 1, pT7-5 vector (without insert); 2, pMMB560; 3, pMMB547; 4, pMMB551; 5, pMS19; 6, pMMB608; 7, pMS37; 8, pMMB531; 9, pTKK4; 10, pMS38; 11, pTKK5. (18), respectively. DNA inserts carried by the plasmids pMS37 and pTKK4, containing genes epsH to -K and epsK to -L, respectively, did not direct the synthesis of any proteins in the T7 10 promoter-T7 RNA polymerase system (lanes 7 and 9 in Fig. 2) . The reason for this is not clear, particularly since other fragments directed the synthesis of bands corresponding in molecular weight to EpsL or EpsI. Moreover, EpsL can be detected immunologically in strains containing pTKK4 (data not shown). At least in the case of EpsI, it is possible that translation from the regions upstream of the epsH gene is required for successful expression of the epsI gene or for the stabilization of its product.
Although the results obtained with the T7 10 promoter are not a conclusive proof that these Eps proteins are expressed in Vibrio, rigorous confirmation has been obtained for EpsE (53) and EpsL and EpsM (data not shown) by purification and immunodetection. Work on identification of other Eps proteins is in progress.
Requirement of eps functions for secretion. We reported previously the isolation of a Tn5-induced secretion mutant, PU6, which could not be complemented by plasmid pMMB339, containing part of epsD and complete genes epsE through epsN (61). Here we show that cosmid E26, which carries the genes epsC through epsN, restores the secretion of LT B subunits in PU6, suggesting that the transposon may be inserted in or upstream of the epsD gene (Table 4) . To find the location of the Tn5 insertion in this mutant, we amplified the DNA flanking the Tn5 insertion by PCR. The primers used were located in the IS of Tn5 and in the 3Ј portion of the epsD gene. A product of approximately 2.5 kb was generated, indicating that the insertion was likely in either the epsC or the epsD gene. DNA sequence analysis of the PCR product located the Tn5 insertion just downstream of nucleotide 735 in the epsC gene. It is presumed, therefore, that the insertion is located between nucleotides 735 and 736. However, since only the sequence downstream of the 3Ј end of Tn5 was determined, we cannot rule out the existence of a deletion on the 5Ј end of the Tn5 insertion. The inability to complement the secretion defect in this mutant strain with the epsC gene alone suggests that there might be a deletion or rearrangement upstream of the Tn5 insertion (Table 4) . Alternatively, the insertion may cause polarity on downstream gene expression.
Three other genes were found to be essential for the function of GSP. Mutants of V. cholerae obtained by in vitro insertion of a DNA fragment carrying a Km r gene into epsF, epsG, or epsL genes, subsequently introduced into the chromosome by homologous recombination, were each found to be unable to secrete EtxB through the outer membrane ( Table 4 ). The same mutants were also found to be defective in secretion of the major protease ( Table 5 ). Each of these mutations was complemented by the corresponding wild-type (wt) allele introduced into the mutant host on a plasmid (Table 4) . This brings the total number of genes shown by mutation and complementation to be essential for the function of GSP in Vibrio to six, including the epsE and epsM genes identified previously (51, 60) .
We reported previously that, in addition to being unable to secrete LT, eps mutants are also defective in secretion of protease(s) and chitinase(s), based on nonquantitative analysis of appropriate agar plates (49, 57) . To determine whether these proteins belong to a group that is specifically affected by the functions of eps genes, we have screened culture media of V. cholerae for the presence of other soluble proteins. We have found that whereas the activity of extracellular protease(s) was markedly reduced in the culture medium of eps mutants, the specific activity of extracellular DNase was not affected ( Table   TABLE 4 5). This indicates that extracellular DNase may be secreted by a pathway different from the GSP. Outer membrane changes in eps mutants. During phenotypic analysis of eps mutant V. cholerae, we observed through microscopic examination that the cells form filaments that must have arisen as the consequence of a division defect (results not shown). In addition, several of the eps mutants demonstrated lower growth rates. These observations are consistent with the possibility that eps mutants may have defective cell envelopes. To examine whether this is so, we analyzed outer membrane proteins from wt (TRH7000) and eps mutant derivatives by SDS-PAGE. The wt TRH7000 expressed six detectable outer membrane protein species ranging in size from 27 to 43 kDa. The largest of these proteins, approximately 43 kDa, is induced by maltose and reacts with antibodies against OmpS, a homolog of the E. coli LamB protein (Fig.  3A) (36) . The other major band, which is not induced by maltose, is likely the OmpT protein, as judged by its migration on SDS-PAGE and its relative intensity (44) . OmpT is a porin molecule whose expression is negatively controlled by the ToxR virulence regulator (5) .
Membrane preparations from the eps mutants, exemplified by those of the epsC and epsM mutants shown in Fig. 3A , did not differ from the wt extracts in the amounts of the 27-kDa polypeptide, but the content of the putative OmpT protein as well as the amounts of the minor bands was dramatically lower, and the amount of the OmpS protein was visibly diminished. When the amount of OmpT was compared among different eps mutants, we found that the epsE, epsF, and epsL mutants did not contain any visible OmpT protein, whereas the epsC, epsG, and epsM mutants produced detectable levels of OmpT, albeit lower than those of the wt strain (Fig. 3B) .
V. cholerae with a wt toxR gene typically produces the OmpU protein, which is under positive control by ToxR, and does not produce OmpT (10) . As TRH7000 was considered to be wt for toxR, we were therefore surprised to find that it expressed OmpT, but not OmpU (compare lanes 1, 8, and 9 in Fig. 3B ). Western blotting with anti-ToxR serum demonstrated that TRH7000 produces no detectable ToxR. The reason that TRH7000 does not produce ToxR is not known; however, this fact explains why it expresses OmpT and not OmpU.
In order to test whether the biogenesis of OmpU also requires an intact Eps apparatus, we analyzed the toxR ϩ strain, 0395, and an epsE mutant thereof. The amount of OmpU relative to that of other proteins detected in the outer membrane of the epsE mutant strain was lower than that in the wt strain, indicating that, as with OmpT in the toxR mutant background, the biogenesis of the mature OmpU is also dependent on a functioning Eps apparatus (Fig. 3B, lanes 8 and 10) . The lower level of OmpU in the outer membrane of the mutant strain was not due to a difference in fractionation behavior due to a more fragile membrane, since the amount of OmpU detected by immunoblot analysis in total cell lysate of the epsE mutant was also considerably lower than that in the wt strain (Fig. 3B, lanes 12 and 14; for comparison, a sample from the toxR mutant strain JJM43 in lane 13 is also included). Analysis of ompU RNA by primer extension experiments demonstrated that the mutation in epsE does not affect the level of ompU mRNA (data not shown). We conclude, therefore, that the lower amount of OmpU detected in the mutant strain is most likely due to degradation of OmpU due to its inability to properly insert into the outer membrane. Alternatively, the epsE mutation may effect the translation of the OmpU protein.
Since the reason for the lack of ToxR production in TRH7000 is not known, the possibility exists that this strain carries other, unknown mutations. Therefore, we introduced a mutation into the epsE gene of a toxR mutant and confirmed that OmpT is dependent on the Eps machinery (Fig. 3B, lane  11) , consistent with the results obtained with TRH7000.
ToxR does not regulate the secretion of toxin. Because biogenesis of the ToxR-regulated OmpU protein requires an intact Eps apparatus, we considered the possibility that ToxR may also be involved in regulating eps gene expression. To address this possibility, we assessed both the secretion of toxin subunits and the expression of an epsE-lacZ transcriptional fusion in wt and toxR mutant backgrounds.
For the secretion experiment, we used a plasmid (pMMB68) that expresses the B subunit of the E. coli LT, because the toxR mutant used in this experiment (JJM43) does not express CT. The amount of B subunit secreted by JJM43[pMMB68] was compared to that of wt strain 0395 containing the same plasmid, by using the monoclonal antibody 118-8, which is specific for LT B subunits (therefore, CT B subunits were not detected in this assay). The same amount of LT B subunits was produced and secreted from these strains ( Table 4 ), suggesting that ToxR does not regulate the toxin secretion process.
To determine whether ToxR controls eps transcription, we constructed a chromosomal epsE-lacZ operon fusion as described in Materials and Methods. This strain is deficient for EpsE production, which was confirmed by immunoblotting (not shown), due to the insertion of the fusion by homologous recombination. The epsE-lacZ strains were no longer able to secrete the B subunits to the extracellular environment, irrespective of the toxR status (Table 4) . When these strains were analyzed for ␤-galactosidase production, they were found to produce similar amounts (approximately 600 and 800 Miller units for wt and toxR mutant strains, respectively), demonstrating that the expression of epsE is not regulated by ToxR.
Processing of EpsG in V. cholerae. As stated earlier, the predicted amino acid sequences of EpsG through EpsJ proteins contain hydrophobic regions which resemble the signal peptides of type IV pilin.
A gene encoding a prepilin peptidase with sequence similarities to genes such as pulO of Klebsiella oxytoca or pilD of P. aeruginosa has not been found in the eps gene cluster sequenced in this study. The available sequences upstream of the epsC gene and downstream of the epsN gene do not contain ORFs with any homology to the sequences for known prepilin peptidases.
In order to determine whether EpsG is processed in V. cholerae, the epsG gene was inserted downstream of the T7 10 promoter in pT7-5 to create pMMB564. This plasmid was introduced into E. coli MC1061 and V. cholerae TRH7000 expressing the T7 polymerase gene. The EpsG protein produced by the plasmid was labeled with [
35 S]Met and visualized by SDS-PAGE and autoradiography (Fig. 4A) . It was found that in E. coli, the EpsG protein was seen as a single band, whereas in V. cholerae, an additional band of lower M r was produced. This suggested that the second band was a processed form of EpsG. The inefficient processing of radiolabeled EpsG in V. cholerae was most likely due to the continuous labeling conditions, since in experiments in which proteins were pulse-labeled for only 30 s and then chased with unlabeled methionine most of the EpsG was present in the processed form at the end of the chase (Fig. 4B) .
It could be imagined that the prepilin peptidase encoded by the tcpJ gene of V. cholerae (31) might be involved in the processing of the EpsG through EpsJ proteins. This would be analogous to the dual function of the prepilin peptidase PilD in Pseudomonas, in which PilD is responsible for the processing of both the type IV prepilin subunits and the pilin-like proteins XcpT to XcpW required for extracellular secretion (44, 62) . However, the expression of epsG in a tcpJ mutant of V. cholerae resulted in a two-band pattern of EpsG similar to that in the wt V. cholerae strain (Fig. 4A) . In addition, coexpression of the tcpJ and epsG genes in E. coli did not result in an alteration in the migration of the EpsG protein (Fig. 5, lane 5) , indicating that EpsG is not a substrate for TcpJ. On the other hand, expression of the N. gonorrhoeae gene pilD in the same E. coli host as epsG resulted in the processing of EpsG to a smaller protein (Fig. 5, lane 6) , demonstrating that EpsG can be the substrate for a prepilin peptidase. A slight degree of EpsG proteolytic processing detectable in E. coli in the absence of any exogenous genes (Fig. 5, lanes 2 to 5) is probably due to endogenous prepilin peptidase, since some strains have been demonstrated to express proteolytic activity analogous to that of prepilin peptidases (33) . The K-12 genome has been reported to carry at least two genes which by all criteria encode homologs of the prepilin peptidases associated with the GSP and type IV pilus biogenesis systems (15) . The failure to detect this endogenous processing in the T7 expression studies may reflect differences in strain backgrounds.
As noted earlier, no sequence homologous to other prepilin peptidase genes could be observed 600 bp downstream of the epsN gene. Since DNA of approximately 3.5 kb downstream of epsN was available, we tested this for the presence of a peptidase gene. The KpnI-EcoRI fragment containing DNA downstream of epsN was cloned in both orientations (Fig. 1 ) and was coexpressed with epsG in E. coli. No processing of EpsG could be observed in the presence of this insert, demonstrating that no prepilin peptidase able to process EpsG is encoded by DNA sequences adjacent to the eps gene cluster (Fig. 5, lanes 3 and  4) . 
DISCUSSION
CT is secreted via a two-step pathway that requires a specific set of genes, eps, for the outer membrane translocation. Here we report the cloning and sequencing of these genes. Mutations in the epsC, epsE, epsF, epsG, epsL, and epsM genes have been introduced, either through random transposon mutagenesis or through homologous recombination, and have resulted in the accumulation of assembled toxin in the periplasm. With the exception of the epsC mutation, in each case, the secretion defect could be complemented by the corresponding wt allele on a plasmid, indicating that each gene is essential for secretion and that the secretion defect obtained by introducing mutations in upstream genes is not due to polarity on downstream genes. Since several eps ORFs overlap each other, suggesting that they may be part of a single operon, it is likely that also epsD, -H, -I, -J, -K, and -N are required for secretion. Collmer and coworkers have demonstrated the requirement for secretion for all -C to -N genes, except for the -H homolog, in Erwinia (38, 39) . Other genes, in addition to the eps genes identified in this study, are most likely also needed for the translocation of proteins through the outer membrane since expression of the epsC to -N genes in E. coli does not lead to extracellular secretion of LT or EtxB (results not shown). This is in contrast to the secretion of pullulanase, which can be obtained in E. coli in the presence of the complete pul gene cluster, pulC through pulO, and pulS (19, 53) . It is likely, therefore, that eps genes homologous to pulO and pulS are essential for secretion in V. cholerae and that these are absent from the epsC to -N cluster. It is, however, also possible that the eps genes are not expressed properly in E. coli. A cluster of genes homologous to eps, with similar organization, has been detected in the E. coli chromosome, but at least two of these genes, gspG and gspO, appear not to be expressed under normal laboratory growth conditions (16) .
In addition to defects in extracellular secretion, eps mutants also demonstrate altered outer membrane profiles. In particular, the biogenesis of two major outer membrane proteins, OmpU and OmpT, is severely affected. Defects in the outer membrane were previously observed in exe mutants of Aeromonas (26, 28) . It seems likely, therefore, that the GSP functions are required not only for extracellular secretion of soluble proteins but also for proper assembly of the outer membrane in V. cholerae. They may be responsible for transport of the affected components, such as OmpU and OmpT, into the outer membrane or for the transport of other proteins required for proper assembly and anchoring of the affected proteins in the membrane. A correlation was observed between the amount of OmpT or OmpU detected in the various mutant strains and the severity of the growth defect: the less OmpT and OmpU protein produced, the greater the growth defect. The reason for this is not known. We speculate that since OmpT and OmpU are major outer membrane proteins in V. cholerae, they may have stabilizing effects on the membrane and, when they are missing, the integrity of the cell envelope might be altered, resulting in a growth defect. Consistent with this is that the outer membranes in some of the mutants are leaky. For instance, 25 to 30% of the periplasmic protein ␤-lactamase is found in the growth medium of certain mutants, whereas the level of this enzyme in medium from the wt strain is less than 5%.
Although the eps mutants appear to be defective in a number of different functions, the defect in extracellular secretion of toxin and protease is not simply a secondary result from a general defect in the outer membrane, since the secretion of yet another extracellular protein, DNase, is not affected. In addition, our findings demonstrate that at least two different pathways for extracellular secretion exist in V. cholerae. While CT and protease use the general secretion pathway, the secretion of DNase occurs by a different, as yet unidentified secretion mechanism. V. cholerae is known to secrete two different DNases into the extracellular environment (15, 47) . In our assay for total DNase activity, we cannot determine whether we are detecting one or the other, or both DNases. However, our data suggest that the secretion of at least one of the DNases is not affected in our mutant strains.
No gene encoding a prepilin peptidase active in processing EpsG to EpsJ was identified adjacent to the epsC-to-epsN gene cluster. This is different from most other GSP operons, in which a prepilin peptidase gene is present directly downstream of the -N gene (3, 12, 55) . However, it demonstrates the similarity of the V. cholerae GSP system to GSP systems in P. aeruginosa and Aeromonas hydrophila, in which the peptidase gene is found elsewhere on the chromosome. In contrast to P. aeruginosa, in which the prepilin peptidase PilD is required for the processing of both the type IV prepilin subunits and the EpsG-to-EpsJ homologs, XcpT to XcpW, it was demonstrated that in V. cholerae a prepilin peptidase different from TcpJ is able to cleave EpsG. On the other hand, prepilin peptidase PilD of N. gonorrhoeae is able to cleave EpsG of V. cholerae, demonstrating that this protein can be a substrate for a prepilin peptidase, thus suggesting that it is likely that processing of EpsG is required for its function. The signal sequence of EpsG more closely resembles the signal sequences of other type IV prepilins and other pilin-like proteins than the one in the V. cholerae type IV pilin, TcpA. The reason that TcpJ cannot process EpsG might be a shorter signal sequence and the presence of phenylalanine instead of methionine at position ϩ1 in the mature portion of EpsG. Since the tcpJ gene does not seem to be involved in either the secretion of CT (31) or the processing of the EpsG protein, it is probable that a second gene, encoding a prepilin peptidase active in the GSP and with a specificity similar to that of the gonococcal PilD, exists in V. cholerae. In fact, prior evidence for a second prepilin peptidase in V. cholerae can be found in the observation that TcpA processing is not completely abolished in a tcpJ mutant (29) . Moreover, the precedent for multiple prepilin peptidase genes has already been established in E. coli (15) . Although our experiments do not show that the observed modification of the EpsG is required for its function in the GSP, they constitute an indication, making the search for a second prepilin peptidase in V. cholerae interesting and important.
